vere cognitive dysfunction. We suggest that multi-targeted approaches that combine owner-evaluated questionnaires with neuropsychological tests can be most effective in screening cognitively affected dogs from normally aging dogs. Regarding preventive measures, we conclude that combinations of dietary intervention and behavioral enrichment may be more beneficial than single-pathway manipulations in delaying cognitive aging or retaining various cognitive functions during aging.
. Paradoxically, less is known about the changes associated with aging than the aging process itself. Most research on cognitive aging in dogs has focused on the translational approaches to human aging and Alzheimer's disease (AD) [see 3-6 for a review]; however, understanding normal cognitive aging in pet dogs and screening cognitively affected dogs are of utmost importance from a practical perspective. For this reason, we here discuss the literature on different cognitive functions that decline during aging, signs of cognitive dysfunction, screening methods for age-related cognitive decline, and different interventions used in pet dogs.
Aging Processes
Various theories have been put forth regarding the biological mechanisms that lead to aging, including free-radical-induced damages, molecular cross-linking, telomere shortening, and the presence of senescence genes in the DNA [7] . Most recently, a unified theory of aging has been proposed that encompasses major theories of aging [7] . The free-radical theory of aging provides explanations for the aging phenomena, including the connections between the average life spans of mammals and their basal metabolic rates [8] , as well as between disease and aging [9] . The production of free radicals can lead to oxidative damage of proteins, lipids, and nucleotides that in turn may cause neuronal dysfunction and ultimately neuronal death [4] . Studies have highlighted that the level of oxidative stress plays a pivotal role in brain functioning, creating a delicate balance between free-radical production and brain protection or damage [10] . Oxidative damage progressively accumulates in the aging brain; damaged molecules can lead to impaired neuronal functions and vulnerability to the development of AD. Brain aging then may lead to different degrees of behavioral and cognitive dysfunction [11] . Therefore, finding ways to minimize free-radical reaction damage in humans and animals could lead to a decrease in the morbidity and mortality due to degenerative changes associated with aging.
The Dog as a Model for Human Aging
Several studies have provided evidence that suggests that the dog is a good model system for human aging and is going to replace traditional rodent models and nonhuman primate models [3] . Dogs have been used to model health span and longevity, aging and associated diseases such as AD [12] , and psychiatric disorders, such as human obsessive-compulsive disorder [13] and attention deficit hyperactivity disorder [14] . Most studies used laboratory beagles to model cognitive aging in humans and showed that in both species cognitive decline (detected in measures of learning, memory, attention, and executive functions) is associated with the accumulation of β-amyloid protein in senile plaques in the brain [5] . These findings suggest that age-related deficits in cognitive functions result from a similar neuropathology in dogs as well as in humans [5] . Furthermore, although aged beagles vary widely in their cognitive functioning, some do develop cognitive dysfunction syndrome (CDS) that is thought to be equivalent to humans' AD, which gives a high translational value to this dog model. More recently, the focus has been slowly shifting from laboratory dogs to pet dogs because they share the human environment and lifestyle, are exposed to the same pollutants and risk factors of infections, and develop age-related diseases similar to those of humans [3] .
Normal Aging
As in humans and all other animals, also in dogs different life stages are accompanied by different behavioral and cognitive characteristics, including changes in playfulness or in being able to concentrate and learn [6, 15] . The cognitive changes aging humans go through are relatively well studied and, importantly, they are thought to be adaptive as they ensure maintenance or even improvement of the well-being of old individuals [16] . Much less is known about the life span cognition of dogs. Research in laboratory dogs, similarly to humans, has reported a decline in learning, memory, and executive control with increasing age [5, [17] [18] [19] , and a few recent studies in pet dogs have investigated how social responsiveness, curiosity towards novel objects, attentiveness, learning, and memory change with increasing age [20] [21] [22] [23] . Considering such lifelong changes in behavior and cognition, the question arises of when aging begins in dogs. As there is a huge variation in how long dogs of different breeds live [24] , the point when aging begins varies with the breed, size, and weight of the dog [25] . Different authors have made different suggestions in this regard (Golini et al. [26] have reported 7 years, while Neilson et al. [27] have indicated 11 years). A majority of aging studies in laboratory beagles have compared dogs aged over 7 years to younger dogs (age <7 years) in order to investigate cognitive decline associated with aging. However, beagles can show short-term memory impairments as early as 6 years of age [28] . Furthermore, different cognitive functions have been proposed to follow different developmental trajectories, which likely means that they also decline at different ages and rates. Importantly, these aging trajectories differ from one individual to another [5] . Some dogs age in a way that may not directly affect their dayto-day functioning as pets or their activities and relationship with their owners, while for others their decreasing performance may compromise these functions. Monitoring the cognitive and behavioral aging of service dogs, working dogs, or sports dog may be very important even in successfully aging individuals, as their performance efficiency may be affected while they age. Salvin et al. [29] reported that some old dogs (aged ≥ 8 years and of different breeds), even if aging normally, might encounter fast age-related deterioration in activity, play, and response to commands, and an increase in fears and phobias within a 6-month period [29] . Another part of the aging dog population develops cognitive impairment and dementia similar to neuropathological aging in humans [1, 30] . Therefore, it is important to differentiate between normal cognitive aging and pathologic brain aging. Behavioral changes may be the first indication of declining health and welfare of old dogs and might help to understand whether the animal is affected by normal or pathologic aging [1] . Veterinarians and, ideally, even owners should be informed of what constitutes a normal decline of various cognitive functions in order to know how to live with aging dogs. It is also important to recognize signs of cognitive decline that begin too early (age <6 years) or proceed in an accelerated manner. Medical intervention and other techniques, if applied early enough, can help to slow its progress.
Pathological Aging: Symptoms, Relevance, and Prevalence
The neurobehavioral syndrome that may affect dogs over 8 years of age is usually referred to as canine cognitive dysfunction or CDS. It is characterized by progressive neurodegenerative changes in the cerebral cortex and the hippocampus that lead to a decline in cognitive functions and are clinically expressed as distinctive changes in the behavior and daily routines of dogs [1, 31] . Dogs with CDS develop a neuropathology that includes Aβ pathology, a reduced brain volume, neuronal loss, and impaired neurogenesis, like humans with AD. The clinical signs displayed by affected dogs can be summarized by the acronym DISHA, which refers to disorientation, a decrease in social interactions, changes in sleep-wake cycles, a loss of prior housetraining, increased anxiety, and changes in their level of activity [1] . Additionally, a decrease in the ability to find dropped food has been reported for dogs diagnosed with CDS [32] . Dogs with cognitive dysfunction show a substantial cognitive decline in tests measuring spatial learning and memory [28] . Moreover, CDS dogs are also reported to display erratic locomotion patterns, an increased frequency of aimless behaviors, and changes in social responsiveness such as a decreased response to both social isolation and human interaction [15, 22] . Overall, changes associated with CDS may affect the dog-human bond as dogs may become less capable to communicate and interact with their owner.
Interestingly, it is rather unclear to what extent the pet dog population is affected by CDS. This is partly due to the high degree of variability in how dogs age and to the lack of systematic CDS evaluation criteria. The prevalence rate of CDS varies depending on the behaviors (disorientation, interaction changes, sleep/wake disturbances, house soiling and activity changes, anxiety and olfaction, learning and memory, etc.) that are taken into account. For example, Neilson et al. [27] reported that 28% of dogs aged 11-12 years had impairments in 1 or more categories of behavior, and 10% of them had impairments in 2 or more categories. In contrast, 68% of dogs aged 15-16 years had impairments in 1 or more categories, and 35% of them had impairments in 2 or more categories. Recently, Salvin et al. [32] developed a CDS rating scale for the diagnosis of cognitive dysfunction and reported the prevalence to be 14.2% in pet dogs over the age of 8 years in contrast to the veterinary diagnosis rate of 1.9%. Overall, when including different studies, the prevalence of CDS in the population of senescent dogs ( ≥ 8 years) is estimated to range from 14.2 to 22.5% and to increase exponentially with increasing age [27, [33] [34] [35] .
Tools to Diagnose Cognitive Aging in Dogs
The diagnosis of cognitive aging (either normal aging or CDS) in dogs is hindered by the lack of well-established diagnostic tools. Currently, veterinarians rely on the owners' assessment of their dog's behavior; they use observational screening questionnaires targeting the behavioral changes related to normal cognitive aging or cognitive dysfunction. Several CDS questionnaires or scales have been developed [1, 32, [36] [37] [38] [39] [40] , but unfortunately the design and scoring methods are diverse. Moreover, it is somewhat arbitrary how different behavioral items are selected within the above listed domains of DISHA, categorized and scored in order to obtain a total cognitive score. Therefore, systematic evaluation criteria for diagnosing CDS are missing, and the information on the diagnostic sensitivity, reliability, validity, and comparability of the existing questionnaires is scant [25] . Some studies, like those of Rofina et al. [36] and Schütt et al. [41] , have tried to compare the already existing CDS questionnaires and documented that the total questionnaire scores correlated well between the questionnaires within the group of CDS dogs; however, no correlation was found between the questionnaire scores within the group classified as successfully aging dogs. Therefore, these studies suggest that the questionnaires developed by Salvin et al. [32] and Rofina et al. [36] are capable of screening only severe cognitive dysfunction dogs from a population of aged pet dogs. Detection of mild impairment, however, would be necessary to start a medical intervention in time. As an alternative, Madari et al. [42] developed the Canine Dementia Scale in order to identify various stages of cognitive impairment, ranging from mild through moderate cognitive impairments to severe cognitive dysfunction.
In contrast, Adams et al. [5] suggested a more objective way of detecting cognitive aging in laboratory dogs on the basis of their performance in neuropsychological tests. These researchers used a modified Wisconsin General Testing Apparatus, securing motor and sensory demands of dogs across tests. Aged laboratory dogs showed cognitive decline in tests measuring complex learning, executive function, spatial learning and memory [18, 28, 43] . Using spatial learning and memory tasks (Delayed Nonmatch to Position (DNMP)), old dogs can be categorized into 3 groups: successful agers, dogs with mild cognitive impairments, and severely impaired dogs [5] . Since the tasks were developed in laboratory beagles, they require an extensive pre-training protocol and a substantial amount of time to finish the training and to complete the task. Recently, such methods have been used in pet dogs as well [23] . Wallis et al. [23] used visual discrimination tasks (4 vs. 4 picture discrimination task) to measure learning and memory in a cohort of pet Border collies aged 6 months to 14 years and documented that learning decreases with increased age. However, using a similar task (2 vs. 2 picture discrimination task), Chapagain et al.
[unpubl. data] reported no influence of age on the learning speed of pet dogs of different breeds aged over 6 years. To fulfill the learning criteria in these tasks, dogs took a long time (several months). Consequently, these tests are not suitable for a veterinary diagnosis of cognitive aging in pet dogs in clinical settings.
Other tests like open field tests measuring behavior associated with locomotion, exploration and social responsiveness [15, 22] , and food-seeking [44] , or place selection tests [45] and tests to assess spatial reversal learning [46] , have more recently been introduced in pet dogs to measure cognitive decline. Rosado et al. [15, 22] assessed the influence of age and severity of CDS on locomotion and exploratory behavior, and social responsiveness in pet dogs. They reported that the severity of CDS influenced locomotion and exploratory behavior. In particular, they found that the more severe their impairment was, the more locomotion and corner-directed (aimless) behaviors they showed, and the lower their frequency of doordirected activities was. Moreover, severe CDS dogs displayed more sniffing episodes directed towards the objects. Changes in social responsiveness associated with severe CDS included a decreased response to social isolation and human interaction, and increased time spent in front of the mirror, suggesting a deficit in habituation. González-Martínez et al. [44] evaluated the effect of age and severity of cognitive dysfunction on 2 simple tasks (a food-searching task and a problem-solving task) and reported that dogs with severe CDS displayed a poor performance in retrieving food compared to mild CDS dogs or cognitively unimpaired aged dogs. In the problemsolving task, younger dogs outperformed older dogs; however, no differences related to CDS severity were found. Therefore, the results of these 3 studies highlight the testing of spontaneous activity and food-seeking abilities to better characterize CDS in aged pet dogs. However, in these studies, owner-reported questionnaires were used to characterize the severity of cognitive dysfunction. In a simple place selection task, Nagasawa et al. [45] found that the learning speed of the dogs decreased as they aged. They reported, however, no correlation with regard to the severity of the cognitive decline. Mongillo et al. [46] found that spatial reversal learning assessed using a T -maze was impaired in pet dogs aged over 8 years compared to dogs younger than 8 years. This study highlighted the effects of aging on the processing speed and executive function of dogs; however, it again reported no comparison with respect to the severity of cognitive decline. Probably for this reason, these tests so far have contributed only to basic research but they have not been used by veterinarians in clinical settings. More recently, using 145 Border collies aged 6 months to 14 years, different tests measuring attention, learning and memory were developed and tested by our research group [20, 23] . In Bor-der collies, these tests proved suitable to detect aging effects on attentiveness and learning [20, 23] , and these age effects were then confirmed in another study where aged pet dogs of various breeds showed a decline in attention [21] . Extending on these tests, we developed a test battery measuring different cognitive functions, such as learning and trainability, social and physical cognition, attentiveness, food and toy motivation, problem-solving ability, inhibition, memory and persistency, sociability, and exploration and dependency. This so-called Vienna Canine Cognitive Battery aims to measure cognitive aging in pet dogs. As the test battery can be conducted in a short time (1-2 h) and its use is feasible also in general veterinary practice, we hope to provide a useful tool to diagnose cognitive dysfunction in pet dogs in clinical settings by examining correlated individual differences in the domains of general, social, and physical cognition as well as human-animal interactions.
Interventions in Dogs
Not only has cognitive aging been demonstrated in laboratory beagle dogs [47] but also interventions that improve cognition or delay cognitive decline have been tested in such populations [48] . The possible treatments for cognitive impairment include alleviation of the damaging effects of free radicles produced by oxidative stress during aging and enhancing mitochondrial function [47] . Landsberg et al. [1] presented a list of drugs that may be considered to improve cognitive function or control the clinical signs of CDS. Specifically, medications such as selegiline and propentofylline [49] are prescribed for the treatment of CDS when the symptoms are more pronounced. However, providing dietary supplements containing cellular antioxidants (vitamins C and E), mitochondrial cofactors (lipoic acid and carnitine), and omega-3 fatty acids at an early age (around 6 years) minimize the risk factors associated with brain damage caused by CDS [49] . This has been demonstrated by studies where dogs fed the supplemented diet showed reduced oxidative damage and mitochondrial dysfunction and a significant reduction in β-amyloid pathology across multiple brain regions compared to dogs fed a control diet [12, 50] . Aged dogs fed a diet containing medium-chain triglyceride supplementation performed better on various cognitive tasks [51] . Behavioral enrichment (physical exercise, social enrichment, and cognitive enrichment), alone or in combination with an antioxidant diet, also preserves and improves cognitive function in old dogs [43, 52] . Since these data have almost exclusively been collected under laboratory conditions and in beagles that were mostly obtained from highly inbred lines and had limited social and environmental experiences, currently we do not know if behavioral enrichment and nutritional treatment have similar effects on pet dogs that live in a physically and socially more stimulating environment posing more cognitive challenges than the life of laboratory dogs. Such studies testing preventive approaches to CDS on pet dog populations are very important as they have a high practical relevance for the welfare of dogs and their life with their owners.
So far, one study has shown that lifelong training can delay the aging of attentional capture, sustained attention, and selective attention in pet dogs of various breeds [21] , and two studies have looked at the effect of nutritional supplementation on pet dogs exhibiting symptoms of cognitive dysfunction. Heath et al. [53] investigated the use of "Aktivait" containing a range of antioxidants, freeradical scavengers, vitamins C and E, fatty acids, and phosphatidylserine in 44 pet dogs of different breeds for 42 days. They monitored the behavior of the dogs for 56 days via questionnaires and reported that there was a significant improvement in the dogs' behavior as noted by the owners during the trial period. However, the authors suggested that a larger sample size and a longer feeding duration could make the results more robust. Also using questionnaire data, Dodd et al. [54] looked at the effect of feeding fortified food to old pet dogs for 60 days and concluded that those dogs showed significant improvement in different behavioral categories compared to control groups. These studies investigated dietary effects over shorter time periods and relied exclusively on the owners' assessment of their dogs' behavior. Such a subjective rating of the behavior of the dogs may either mask or enlarge some effects that could have been assessed more objectively by testing the dogs in different cognitive tests. Also, the behavior of a larger sample of dogs including multiple breeds might be more representative of the pet dog population.
Conclusion
We have briefly outlined the importance of early recognition of signs of cognitive aging and in particular cognitive dysfunction in aged pet dogs to enhance the health and welfare of dogs and retain the dog-owner bond. Since owner-evaluated questionnaires may be insensitive to early and subtle changes in learning and memory and other specific cognitive functions associated with brain aging in dogs, an alternative method is needed that involves a battery of neuropsychological tests and provides measures of various cognitive functions. Neuropsychological tests are needed that can be used to objectively assess cognitive changes as a function of age in dogs, to characterize the biological basis of age-dependent cognitive decline, and to test potential therapeutic interventions, including dietary treatment. Nonetheless, certain questionnaires like that of Salvin et al. [32] seem to be able to detect dogs that are already showing signs of severe cognitive dysfunction, while a questionnaire developed by Madari et al. [42] could identify various stages of cognitive impairment. Therefore, a combination of different approaches, such as owner-evaluated questionnaires and neuropsychological tests, may be the most effective in differentiating cognitive dysfunction dogs from normally aging dogs. Additionally, a combination of dietary intervention and behavioral enrichment may be more beneficial than single-pathway manipulations. Most reviews on cognitive aging in dogs have so far focused on translational approaches to human AD. Here, our aim was to call attention to the fact that screening cognitively affected dogs and providing appropriate interventions to delay cognitive aging or to retain cognitive functions have an enormous impact on the well-being of aging dogs. This in turn has an effect on the everyday life of dog owners and may provide dog owners with years of quality time with their beloved companions.
